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(57) ABSTRACT

A method of forming an integrated circuit device structure
having a design rule of less than 0.13 micron. The method
includes providing a substrate and forming a pad oxide layer
overlying the substrate. The method includes forming a
nitride layer overlying the pad oxide layer and patterning the
nitride layer and pad oxide layer. A trench structure 1s formed
within a thickness of the substrate using the patterned nitride
layer and pad oxide layer as hard mask. The method forms a
first thickness of liner oxide within the trench structure using
at least thermal oxidation of an exposed region of the trench
structure to cover the trench structure. Such thermal oxidation
causes a rounding region near corners of the trench structure.
The method selectively removes the thickness of liner oxide
within the trench structure. The method forms a second thick-
ness of liner oxide within the trench structure using at least
thermal oxidation to cover the trench structure. The thermal
oxidation causes a further rounding of the rounded region
near corners of the trench structure. The method also selec-
tively removes the patterned nitride layer while the second
thickness of liner oxide protects the substrate in the trench
region.

14 Claims, 11 Drawing Sheets
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METHOD AND STRUCTURE FOR DOUBLLE
LINING FOR SHALLOW TRENCH
ISOLATION

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to Chinese Application
No. 200510030312.8; filed on Sep. 29, 2005; commonly

assigned, and of which 1s hereby incorporated by reference
tfor all purposes.

BACKGROUND OF THE INVENTION

The present invention 1s directed to integrated circuits and
theirr processing for the manufacture of semiconductor
devices. More particularly, the mvention provides a method
and device for manufacturing a highly integrated circuit
device having an improved trench 1solation structure. Merely
by way of example, the mvention has been applied to
advanced integrated circuit devices having a feature size of
less than 0.13 micron. But 1t would be recognized that the
invention has a much broader range of applicability. For
example, the invention can be applied to other feature sizes,
which are even smaller, e.g., 0.11 micron, 0.09 micron.

Integrated circuits or “ICs”have evolved from a handiul of
interconnected devices fabricated on a single chip of silicon
to millions of devices. Current ICs provide performance and
complexity far beyond what was originally imagined. In
order to achieve improvements 1n complexity and circuit den-
sity (1.e., the number of devices capable of being packed onto
a given chip area), the size of the smallest device feature, also
known as the device “geometry”, has become smaller with
cach generation of ICs. Semiconductor devices are now being
tabricated with features less than a quarter ol a micron across.

Increasing circuit density has not only improved the com-
plexity and performance of ICs but has also provided lower
cost parts to the consumer. An IC fabrication facility can cost
hundreds of millions, or even billions, of dollars. Each fabri-
cation facility will have a certain throughput of waters, and
each water will have a certain number of ICs on it. Therefore,
by making the individual devices of an IC smaller, more
devices may be fabricated on each water, thus increasing the
output of the fabrication facility. Making devices smaller 1s
very challenging, as each process used 1n IC fabrication has a
limit. That 1s to say, a given process typically only works
down to a certain feature size, and then either the process or
the device layout needs to be changed. An example of such a
limit 1s the ability to form smaller and improved 1solation
structures. Isolation structures have been difficult for form
and have evolved through the years.

As merely an example, conventional 1solation structures
include local oxidation of silicon, commonly called LOCOS.
LOCOS has been effective through the years but 1s being
replaced by trench 1solation structures. Such trench 1solation
structures have been used for device having critical sizes of
less than a predetermined dimension. Trench 1solation has
replaced, 1n part, LOCOS for advanced semiconductor
devices. Although trench 1solation has been effective, numer-
ous limitations still exist. Such limitations have been
described throughout the present specification and more par-
ticularly below.

From the above, 1t 1s seen that an improved technique for
processing semiconductor devices including photo masks 1s

desired.

BRIEF SUMMARY OF THE INVENTION

According to the present imnvention, techmques including
methods for the manutacture of semiconductor devices are
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provided. More particularly, the mvention provides a method
and device for manufacturing a highly integrated circuit
device having an improved trench 1solation structure. Merely
by way of example, the invention has been applied to
advanced integrated circuit devices having a feature size of
less than 0.13 micron. But 1t would be recognized that the
invention has a much broader range of applicability. For
example, the imnvention can be applied to other feature sizes,
which are even smaller, e.g., 0.11 micron, 0.09 micron.

In a specific embodiment, the invention provides a method
for fabricating an integrated circuit device structure having a
design rule of less than 0.13 micron. The method 1ncludes
providing a substrate and forming a pad oxide layer overlying
the substrate. The method includes forming a nitride layer
overlying the pad oxide layer and patterming the nitride layer
and pad oxide layer. A trench structure i1s formed within a
thickness of the substrate using the patterned nitride layer and
pad oxide layer as hard mask. The hard mask 1s free from an
overlying photoresist material 1n some embodiments. The
method selectively etches a portion of an exposed region of
the pad oxide layer to form an undercut region 1n the pad
oxide layer overlying the substrate. The method forms a first
thickness of liner oxide within the trench structure using at
least thermal oxidation of an exposed region of the trench
structure to cover the trench structure, whereupon the thermal
oxidation causes a rounding region near corners of the trench
structure. The method selectively removes the thickness of
liner oxide within the trench structure. The method forms a
second thickness of liner oxide within the trench structure
using at least thermal oxidation to cover the trench structure.
The thermal oxidation causes a further rounding of the
rounded region near corners of the trench structure. The
method also selectively removes the patterned nitride layer
while the second thickness of liner oxide protects the sub-
strate 1n the trench region.

In an alternative specific embodiment, the imvention pro-
vides an integrated circuit device structure. The structure
includes a silicon substrate, which has an active device region
bonded by an 1solation region. A trench region 1s defined in
the 1solation region of the substrate. A pad oxide layer 1s
overlying the active device region on the silicon substrate.
The structure has a nitride layer overlying the pad oxide layer
and a liner oxide layer overlying the trench region to protect
the trench region from attack from etching using at least
phosphoric acid.

In yet an alternative specific embodiment, the mvention
provides a method for fabricating an integrated circuit device
structure having a design rule of less than 0.13 micron. The
method includes providing a semiconductor substrate and
forming a pad oxide layer overlying the semiconductor sub-
strate. Additionally, the method includes forming a mitride
layer overlying the pad oxide layer and patterning the nitride
layer and pad oxide layer to define a trench region. A trench
structure having a width of less than 0.3 micrometer 1s formed
through the patterned trench region within a thickness of the
substrate using the patterned nitride layer and pad oxide layer
as hard mask. Preferably, the hard mask 1s free from an
overlying photoresist material. The method includes selec-
tively etching a portion of an exposed region of the pad oxide
layer to form an undercut region associated with the patterned
nitride layer in the pad oxide layer overlying the substrate.
The method forms a first thickness of thermal oxide 1n an
exposed region of the trench structure to cover the trench
structure. The thermal oxide reacts with the exposed region
and causes a rounding region near corners of the trench struc-
ture via thermal oxidation. The method selectively removes
the thickness of liner oxide within the trench structure to
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expose the trench structure. A second thickness of thermal
oxide 1n the exposed trench structure 1s formed to cover the
trench structure. The thermal oxide causes a further rounding
ol the rounded region near corners of the trench structure to a
curvature of greater than 50 nanometers. The method then
selectively removes the patterned nitride layer using an etch-
ing process while the second thickness of liner oxide protects
the substrate 1n the trench region from the etching process.
Alternatively, the method can also a single liner or more than
two liners 1n alternative embodiments, depending upon the
application.

Many benefits are achieved by way of the present invention
over conventional techniques. For example, the present tech-
nique provides an easy to use process that relies upon con-
ventional technology. In some embodiments, the method pro-
vides higher device yields 1n dies per waler. Additionally, the
method provides a process that 1s compatible with conven-
tional process technology without substantial modifications
to conventional equipment and processes. Preferably, the
technique substantially eliminates or reduces damage to the
trench region caused by nitride pullback, among other pro-
cesses. Depending upon the embodiment, one or more of
these benefits may be achieved. These and other benefits wall
be described 1n more throughout the present specification and
more particularly below.

Various additional objects, features and advantages of the
present invention can be more fully appreciated with refer-
ence to the detailed description and accompanying drawings
that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-6 are simplified side-view diagrams of a conven-
tional method of forming trench 1solation structures;

FIGS. 7-15 are simplified side-view diagrams of a method
of forming trench 1solation structures according to an
embodiment of the present invention; and

FIGS. 16-19 are simplified diagrams illustrating experi-
ments performed according to an embodiment of the present
invention

DETAILED DESCRIPTION OF THE INVENTION

According to the present invention, techmques including
methods for the manufacture of semiconductor devices are
provided. More particularly, the invention provides a method
and device for manufacturing a highly integrated circuit
device having an improved trench 1solation structure. Merely
by way of example, the mvention has been applied to
advanced integrated circuit devices having a feature size of
less than 0.13 micron. But 1t would be recognized that the
invention has a much broader range of applicability. For
example, the imnvention can be applied to other feature sizes,
which are even smaller 1n feature size, e.g., 0.1 1micron, 0.09
micron.

A conventional method of forming a trench structure 1s
provided as follows:

1. Provide silicon substrate;

2. Form pad oxide on the substrate;
3. Form silicon nitride on the pad oxide;

4. Form photoresist overlying the silicon nitride;

5. Pattern photoresist;

6. Etch silicon nitride and pad oxide through patterned
photoresist;

7. Strip photoresist;

8. Etch trench region through patterned silicon nitride and
pad oxide;
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9. Perform mitride pull back;
10. Cause damage to the trench region during the pull back;

11. Perform pad undercut etch;
12. Grow liner oxide within trench; and
13. Fill trench structure with dielectric fill material.

These steps describe a conventional method of forming
trench structures for isolation regions. The conventional
method causes damage to the trench region, which causes an
uneven 1solation region, which causes reliability 1ssues with
active devices. Further details of the conventional method are
described throughout the present specification and more par-
ticularly below.

FIGS. 1-6 are simplified side-view diagrams of a conven-
tional method of forming trench 1solation structures. As
shown, the method begins by providing silicon substrate 101.
An overlying pad oxide layer 103 1s grown overlying the
surface of the silicon substrate. The method forms a silicon
nitride layer 105 overlying the pad oxide layer. The resulting
structure 1s patterned.

A photoresist film 201 1s formed overlying the surface of
the silicon nitride layer. The photoresist film 1s patterned to
form an open region 202. The method performs an etching
process to remove 303 a portion of the silicon nitride layer and
oxide layer for patterning. The silicon oxide layer and nitride
layer are now hard marks for further etching. The method uses
reactive 10on etching to form trench structures, which are often
4000 Ain depth and 0.2 microns in width according to a
specific embodiment. The reactive 1on etching uses a chlorine
gas bearing species, but can also be others.

The conventional method removes a portion of the nitride
layer using a “pull back™ process. The mitride pull back pro-
cess reduces a width of the nitride layer 303, which exposes a
portion of the underlying pad oxide layer. The pull back
process olten uses a wet etchant, which 1s selective. The
ctchant 1s often phosphoric acid, but can also be others. As
shown, the conventional pull back process causes surface
roughness 1n regions 305, which are external walls of the
trench. Here, silicon 1s exposed and subject to attack from the
phosphoric acid. Referring to FIG. 4, the conventional
method then performs an oxide undercut process 401, which
shapes the pad oxide. The oxide undercut process 1s oiten
performed using a builered oxide etch (e.g.,.BOE), but can
also be hydrofluoric acid (e.g., HF). The method then oxidizes
exposed surfaces of the trench, which forms region 501.
Region 3501 1s a slight undercut. The undercut leads to limi-
tations such as gate oxide quality, threshold voltage problems,
and others, which we have discovered and will be 1n more
detail below.

A method of forming a trench structure according to an
embodiment of the present invention 1s provided as follows:

1. Provide silicon substrate;

2. Form pad oxide on the substrate;

3. Form silicon nitride on the pad oxide;

4. Form photoresist overlying the silicon nitride;

5. Pattern photoresist;

6. Etch silicon nitride and pad oxide through patterned
photoresist;

7. Strip photoresist;

8. Etch trench region through patterned silicon nitride and
pad oxide;

9. Perform pad undercut etch;

10. Grow liner oxide within trench to round corner near
opening of trench;

11. Remove liner oxide;

12. Grow liner oxide within trench to cause further round-
ing of corner near opening of trench;




US 7,682,929 B2

S

13. Pull back nitride layer, while using the liner oxade to
protect the trench;

14. Fill trench structure with dielectric fill material;
15. Perform other steps, as desired.

These steps describe a method of forming trench structures
for 1solation regions according to an embodiment of the
present invention. The present method 1s free from damage to
the trench region during nitride pull back. Accordingly, reli-
ability of resulting devices 1s improved over conventional
devices. Further details of the conventional method are
described throughout the present specification and more par-
ticularly below.

FIGS. 6-15 are simplified side-view diagrams of a method
of forming trench 1solation structures according to an
embodiment of the present mvention. These diagrams are
merely examples, which should not unduly limait the scope of
the claims heremn. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications.
As shown, the method begins by providing silicon substrate
601. An overlying pad oxide layer 603 1s grown overlying the
surface of the silicon substrate. The method forms a silicon
nitride layer 605 overlying the pad oxide layer. The resulting,
structure 1s patterned.

A photoresist film 701 1s formed overlying the surface of
the silicon nitride layer. The photoresist film 1s patterned to
form an open region 703. The method performs an etching
process to remove 803 a portion of the silicon nitride layer and
oxide layer for patterning. The silicon oxide layer and nitride
layer are now hard marks for further etching. Referring to
FIG. 9, the present method uses reactive 1on etching to form
trench structures 901, which are often 4000A in depth and 0.2
microns 1 width according to a specific embodiment. The
reactive 1on etching uses a chorine gas bearing species, but
can also be others.

Next, the method includes a pad oxide undercut process as
shown 1n the stmplified cross-sectional view diagram of FIG.
10. The pad oxide under cut process yields an under cut pad
oxide 1001. Additionally, sharp corners are oiten formed
along the openings 1003 of the trench and bottom corners of
the trench structure. The sharp corners often have a radius of
curvature less than about 50 nanometers. The method per-
forms a thermal oxide layer growth process, which rounds
corners 1101 and 1103, as shown in the simplified diagram of
FIG. 11. The thermal oxide forms a layer 1105, which has a
thickness of at least 100 Angstroms, but can be less. Prefer-
ably, the thermal oxide layer has a thickness of about 110
Angstroms. The thermal oxide layer 1s formed using a suit-
able dry process such as oxidation 1n a furnace at a tempera-
ture of about 1100 Degrees Celsius. Referring to FIG. 12, the
thermal oxide 1s selectively removed to expose bare silicon
1201 within the interior of the trench structures. Preferably,
the selective removal occurs using a hydrofluoric acid dip or
the like. Alternatively, selective plasma etching can also be
used. The pad oxide 1s also slightly undercut, again. The
thermal oxide causes rounding of the corners, where the
corners have a radius of curvature ranging from about 50 nm
to about 70 nm.

The method performs a second thermal oxide layer growth
process, which rounds corners 1301 and 1305, as shown in the
simplified diagram of FIG. 13. The thermal oxide forms a
layer 1303, which has a thickness of at least 100 Angstroms,
but can be less. Preferably, the thermal oxide layer has a
thickness of about 110 Angstroms. The thermal oxide layer 1s
formed using a suitable dry process such as oxidation 1n a
furnace at a temperature of about 1100 Degrees Celsius. The
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thermal oxide causes further rounding of the corners again,
where the comers have a radius of curvature ranging from
about 30 nm to about 70 nm.

Referring to FIG. 13, the thermal oxide remains on the
surfaces of the trench to keep bare silicon from being
exposed. The present method removes a portion of the nitride
layer using a “pull backprocess, while the thermal oxide
protects exposed portions of the silicon. The nitride pull back
process reduces a width of the mitride layer 1401. The pull
back process often uses a wet etchant, which is selective. The
ctchant 1s often phosphoric acid, but can also be others. As
shown, the present pull back process provides smooth surface
regions 1403, which are external walls of the trench. Here,
s1licon 1n the trench 1s not exposed and subject to attack from
the phosphoric acid. The present method forms a substan-
tially smooth surface 1n the trench regions that are free from
surface roughness greater than about 20 Angstroms. The
present method fills the trench regions with dielectric mate-
rial, as shown in FIG. 15. Of course, one of ordinary skill in
the art would recognize many variations, alternatives, and
modifications.

The above sequence of steps provides a method according,
to an embodiment of the present invention. Other alternatives
can also be provided where steps are added, one or more steps
are removed, or one or more steps are provided 1n a different
sequence without departing from the scope of the claims
herein.

Experiments:

To prove the principle and operation of the present inven-
tion, we performed experiments. We used certain process
steps noted above. P-type silicon waters were used as starting
material. An overlying pad oxide layer was grown to a thick-
ness ol 110 Angstroms using thermal oxidation. Oxygen was
added to a furnace at a temperature ol about 900 Degrees
Celsius for 1 hour (time period). A silicon mitride layer was
grown overlying the pad oxide layer. The silicon nitride layer
was a CVD nitride, but can be others.

A photoresist film was formed overlying the surface of the
silicon mitride layer. The photoresist film was patterned to
form an open region. The nitride and pad oxide were pat-
terned using an etching process. Such etching process used a
chlorine gas species 1n a reactive 1on etcher. Reactive 1on
etching was used to form trench structures, which are often
4500 Angstroms 1n depth and 0.2 microns 1n width according
to a specific embodiment. The reactive 1on etching uses a
chlorine gas bearing species. Islands of silicon material sur-
rounded by trench structures were formed. Such 1slands had a
width of about 0.18 microns.

Next, we used HF dipping to under cut the pad oxide,
which produced sharp comers along the openings of the
trench and bottom corners of the trench structure. The sharp
corners often have aradius of curvature less than about 10 nm.
A 110 Angstroms thickness of thermal oxide was grown using
a dry oxidation process at about 1100 Degrees Celsius. The
thermal oxide causes rounding of the corners, where the
corners have a radius of curvature ranging from about 30 nm
to about 70 nm, as 1llustrated in FIG. 16. The thermal oxide
was selectively removed using a hydrofluoric acid dip to
expose bare silicon within the interior of the trench structures.
The pad oxide 1s also slightly undercut, again. In contrast, we
also performed the conventional method, which produced
rough surfaces in the trench region, as illustrated by FIG. 17.

The experiment also used a second thermal oxide layer
growth process, which rounds corners again, as shown 1n FIG.
18. The thermal oxide forms a layer of oxide that has a
thickness of at least 110 Angstroms. The thermal oxide layer
was formed using a dry process in a furnace at a temperature
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of about 1100 Degrees Celsius. The thermal oxide caused
turther rounding of the corners again, where the corners have
a radius of curvature ranging from about 30 nm to about 70
nm.

We pulled the nitrnide layer back while the thermal oxide
protected exposed portions of the silicon. The nitride pull
back process reduced a width of the nitride layer. The pull
back process used phosphoric acid and yielded smooth sur-
face regions 1n the trench. Silicon 1n the trench was not
exposed and subject to attack from the phosphoric acid. The
present method formed a substantially smooth surface in the
trench regions that are free from surface roughness greater
than about 20 Angstroms.

We also tested the threshold voltage drift of various devices
to compare them against each other, as i1llustrated by FIG. 19.
As shown, the vertical axis represents threshold voltage (Vth)
of a MOS device, which has been plotted against line width.
Each of the plots represents a different process. Plot 19035
represents the convention process, which causes threshold
voltage drift after 0.18 microns. Plots 1903 and 1901 corre-
spond to the present process. Plot 1903 corresponds to one
liner oxide before nitride pull back and plot 1901 corresponds
to a two-liner oxide process (which has been described above)
betore nitride pull back. As noted above, the two-liner oxide
process provides more rounding on the corner regions of the
trench, which 1s believed to reduce gate oxide stress among,
other limitations. Of course, one of ordinary skill 1n the art
would recognize many variations, alternatives, and modifica-
tion. Additionally, the present experiments are not intended to
limit the scope of the claims herein.

It 1s also understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereotf will be sug-
gested to persons skilled 1n the art and are to be included
within the spirit and purview of this application and scope of
the appended claims.

What 1s claimed 1s:

1. A method for fabricating an integrated circuit device
structure having a design rule of less than 0.13 micron, the
method comprising:

providing a substrate;

forming a pad oxide layer overlying the substrate;

forming a nitride layer overlying the pad oxide layer;

patterming the nitride layer and pad oxide layer;

forming a trench structure within a thickness of the sub-

strate using the patterned nitride layer and pad oxide
layer as hard mask, the hard mask being free from an
overlying photoresist materal;

selectively etching a portion of an exposed region of the

pad oxide layer to form an undercut region 1n the pad
oxide layer overlying the substrate;
forming a first thickness of liner oxide within the trench
structure using at least thermal oxidation of an exposed
region of the trench structure to cover the trench struc-
ture, whereupon the thermal oxidation causes a round-
ing region near corners of the trench structure;

selectively removing the thickness of liner oxide within the
trench structure;

forming a second thickness of liner oxide within the trench

structure using at least thermal oxidation to cover the
trench structure, whereupon the thermal oxidation
causes a lfurther rounding of the rounded region near
corners of the trench structure; and

selectively removing a portion of the patterned nitride layer

while the second thickness of liner oxide protects the
substrate in the trench region.
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2. The method claim 1 wherein the selectively etching
process 1s a wet dip including tluorine bearing species.

3. The method of claim 1 wherein the selective removal of
a portion of the patterned nitride 1s a nitride pull-back process
using at least a phosphoric acid to reduce a width of the
patterned nitride.

4. The method of claim 3 further comprising filling the

trench region with a dielectric matenal, the dielectric material
being a CVD oxide.

5. The method of claim 4 wherein the CVD oxide 1s a high
density plasma process.

6. The method of claim 1 wherein the trench structure
includes a width of less than 0.21 micron.

7. The method of claim 1 wherein the integrated circuit
device 1s at least a 0.13 micron technology.

8. The method of claim 1 wherein the pad oxide has a
thickness of less than 150 Angstroms.

9. The method of claim 1 wherein the protected trench
structure 1s substantially free from surface non-uniformities
having a dimension of greater than 100 Angstroms.

10. The method of claim 1 wherein the further rounded
region has a radius of curvature ranging from about 30 nm to
70 nm.

11. A method for fabricating an integrated circuit device
structure having a design rule of less than 0.13 micron, the
method comprising:

providing a semiconductor substrate;

forming a pad oxide layer overlying the semiconductor

substrate;

forming a nitride layer overlying the pad oxide layer;

patterning the nitride layer and pad oxide layer to define a

trench region;
forming a trench structure having a width of less than 0.2
micron through the patterned trench region within a
thickness of the substrate using the patterned nitride
layer and pad oxide layer as hard mask, the hard mask
being free from an overlying photoresist matenal;

selectively etching a portion of an exposed region of the
pad oxide layer to form an undercut region associated
with the patterned nitride layer 1n the pad oxide layer
overlying the substrate;
forming a first thickness of thermal oxide in an exposed
region of the trench structure to cover the trench struc-
ture, whereupon the thermal oxide reacts with the
exposed region and causes a rounding region near cor-
ners of the trench structure via thermal oxidation;

selectively removing the thickness of liner oxide within the
trench structure to expose the trench structure;

forming a second thickness of thermal oxide 1n the exposed

trench structure to cover the trench structure, whereupon
the thermal oxide causes a further rounding of the
rounded region near corners of the trench structure to a
curvature of greater than 30 nm; and

selectively removing a portion of the patterned nitride layer

using an etching process while the second thickness of
liner oxide protects the substrate 1n the trench region
from the etching process.

12. The method of claim 11 wherein the semiconductor
substrate 1s a silicon wafer.

13. The method of claim 11 wherein the etching processes
uses hot phosphoric acid at a temperature greater than about
150 Degrees Celsius.

14. The method of claim 11 wherein the trench region 1s
free from a roughness having a characteristic size of about 20
Angstroms and greater.
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